S kg (RTARRS Smwme s e v O mvmweens my - S snT ot - - L. c . . .. L. e
TAPS

3
- REPORT AE63-0013

- . INVESTIGATION AND ANALYSIS GF THE
» ELECTROPOLISHING PROCESS FOR SATURN DUCTING

Tasx Order No. M-ME-TLB-C-2
Contract No. NAS 8-8138

Prepared by

GENERAL DYNAMICS/ASTRONAUTICS
San Diego, California

- | 31 J”énuary 1963 GPO PRICE $

!“ 65 - -22 6 M 0TS PRICE(S) $ %

: 7 g ./u- ey Hard copy (HC} J’ M
: déc%ﬁé%iuﬁ‘ (urm6{i7 Microfiche (MF)"%/ 4 ﬁj’

Prepared for

[RE TN

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

George C. Marshall Spacz Flight Center
Fabrication and Assembly Engineering Division
Huntsville, Alabama

! (ACCESSION NUMBDER) (THRW
%
i (4
0
E (PAGES) i€oD
3
: - i CATRGORT)
* R)
- iABA GR OR TMX OR AD NUMIK
s
: R
:
4
) Mo Bt ——

ERFTE

T gAY @

BTN AT R

ORI

o




en.

Do

iy 4y
sdue

St

s
.

e

et e
P )

° e - H.
At S .
A o s 7

e

AR S Y - .

EES S

o, . S T
LS T

N
e




P

L p A

AES3-C913
31 January 1963

FOREWORD

This report describes the work performed on Task Order M-ME-TLB-C-2 and Amend-~
ment 2 to Coniract NAS 8~818, "The Study of the Corrocion of Metals for Saturn.' This
is the final report on the subject contract. The experimental program was perfo-med
by the materials research group, General Dynamics/Asironautics under tie sponsor:-
ship of the Fabrication and Ascembly Engineering Division, T'echnical Liaison Office,
Marshall Space Fiight Center. Huntsville, Aiabama,

The Task Order extends the etfort on the investigation of the electropnlisking prccess
and protective coating systems for stainleds steel propellant ducting and ¢ mponents
initiated under the prior Task Order of tuis study program,

The work discussad in this report was performed during the pericd from 15 March 1962
to 31 December 1962,
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B, W, Gross A. Hurlich
Project Leader Chief, Materials and
Structures Research

APPROVED BY@ &M APPHOVED BY_k K Au. QM

V. A, Babits H. F. Dunholter
Manager of Research Director of Research and
Advanced Technology
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ABSTRACT (,4/
PN

Type 321 and Type 302 stainless steels and certain high-nickel alloys which include
Inconel 718, Hastelloy C, and Rene€ 41 were electropolished in a series of formulat
and vendor baths. After electropolishing, samples were subjected te investigation
and analyses including salt spray, salt atmosphere, and seacoast environment corro-
sion tests, profilometer, and weight-loss measwrement tests. The immersion ard
impingement methods of electropolishing were evaluated for use on propellant ducting
ang flexible metal hoses and sections of bellows. Electropolishirg greatly increases
the resistance of stainless steels o corrosion, and its usc is recommended for this
purposz. Nine types of organic coatings were evaluated for protection of propeilant
ducting at cryogenic temperatures. Air-drying epoxy and acrylic formulations were
found satisfactory for large assemblics that cannot be baked, and a heat curing
modified silicone resin was found tc be best for small assemblies or parts that can
be baked.

The impingement method of electropolishing, whereby large parts (any dimensions)
can be polished, was proven successful, This corstitutes a breakthrough in electro-
polishing since it eliminates the use of tanks, which are necessarily limited in size -
and capacity. 7

v/vi
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SECTION 1
INTRODUCTION

It was found during a previous study under this contract (1) that eleciropolishing
eliminates the selective corrosive attack so noticeable in the heat-affected zone of
stainless steel weldments. It was also noted that certain organic formulations, used

as protective surface coatings, stood up well in cyclic tests from room temperature

to ~-320°F when applied to stainless steels, and that they provided remarkable resist-
ance to corrosion. Task Order M-ME-TLB-C-2 was outlined to obtain additional
information on the electropolishing process and protective coating systems for possible
use on Saturn propellant ducting.

The Task Order was divided into {two phases: Phase I, Investigation and Analysis of
Electropolishing Processes; and Phase II, Evaluation of Protective Coating Systems
for Saturn Ducting. An amendment was added to the Task Order to investigate the
feasibility of electropolishing large components by the impingement method, -and to
inciude in the prcgram the electropolishing of certain high-nickel alloys. This work
was completed as a contiauation of Phase 1.

Adeouate rinsing is an important phase of the electropolishing process. Corrosion
staining in many instances can b attributed to improper rinsing after electropolishing.
Therefore, rinsing techniques were investigated during this program.

Pretreatment cleaning cycles prior to eiectropolishing were evalvated. They included
solvent cleaning, alkaline cleaning, chemical pickling, and vapor honing. These are
reported fully in Appendix B.

‘e following photomicrog:aphs show c'early the advantages to be gained with electro-
polishing. Tha photograpns are of two normal 321 stainless steel sarples (pickled and
passivated; magnification, 6000 times), Note that in the electropolisi:ed sample (showa
on right) potential corrosion site« have been virtually eliminated.




.2

2 o pakionkie

AEBL-0"2
31 January 1963

1.1 DETAILED ANALYSIS AND EVALUATICN OF ELECTROPOLISHING SOLUTIONS
(PHASE IA). Electropolisbing baths commor.y in use in this country are composed of
sulfuric, phosphoric, and caromic acids‘?), Since sulfuric or phosphoric acids are the
major constituents, the baths are referred to as the sulfuric-phosphoric type. Per-
ckioric-acetic anhydride baths are aiso used commercially, especially in Europe.

" This type of bath is meniioned because it polishes a wider range of different metzls.

Jacquet (3) obtained considerable success with o mixture of perchleric acid and acctic
anhydride. Young and Brytczuk (4) reported reflectivity as nigh 48 40 percent using

the perchloric batch, while 32 percent was the highest rep~rted value using the sulfuric-
phosphcric mixture. (See Figures 1, 2, apnd 3.)

40

I LEGEND 1
___ COMPOUSITION
v ““"ggﬁgz';'r Perchloric acid and acetic anhydride
30—~ baths have not been accepted for comrer- -
8 ’ cial work in this country for these
E reasons:
2 20 '
3 a. Perchloric acid is = very stroag
E / oxidizer and can hecome a safety
2 ‘ / /-,,-"" hazard because of its violent reaction
10 =] : . to mixing.
,,/’7 ~ b, These baths require a low operating
- / temperature (not over 30°C), which
° | recessitates the use of reiigeration.
100 920 80 70 ‘
ACETIC ANHYDRIDE (%) c. These electrolytes are more
¢ 10 20 30 expensive,
PERCHLORIC ACID (%)
2.5 1.0 i.5 2.0 Therefore, this investigation was re-
, (AM(;;?EE;N:‘Q?;:S;TI:CH stricted to the standard sulfuric-
) phosphoric type bath presently used on -
Figure 1. Keflectivity as It Is Affected: 1) by stainless steels.

the Composition of the Solution (Perchioric-
Acetic) and 2) by Current Density.

1.2 LIMITING CONDITIONS IMPOSED BY THE DESIGN OF THE TEST SFECIMEN
(PHASE IB). Propellant components (cousisting of bellows. with open and closed con-
volutes, flexible metal hoses of varivus diameters, ducting, and disconnects) were
typical test parts that were electropolished and subjected to accelerated corrosion
tests, These were selected because they incorporated the sizes, geometries, recessed
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11 " TEGEND areas, etc. . which a.e found in standard
19 PN —— HgPO, - HySCy4 missile propulsion systems. Auxiliary
. / / \\\ gg;t‘;rgsmon cathodes were designed to determine the
) / // \‘ \\ _____ ADDITION OF :irn:a;atwns of electropolishing recessed
" 77 iy H,O TO 4 PARTS .
€ L1/ Y N\ HzPO4 AND
B / \\ 1 PART HyS0,4 Previously, the size of parts which
e 8 - T\ : could be electropolished was li.nited by
§ 5 :. \ the size of tanks available in commer-
o . iy \ cial clectropolishing facilities. There-
] ‘\‘ \ fore, an investigation of the impinge—
3 : N raent method of electropolisling was
2 \ N conducted. By this method. a:x electro-
\ \ iyte is forced through a perforated
1 ) \'\ cathode nozzle and impinged directly
¢ ! on the article to be polished. This
100 75 50 25 0 method eliminates the need fo: an
H3PO4 () electropolishizg installation that pro-
0 % 50 b 190 vides immersion in a tank (of a speci-
H2804 (%) fied size) filled with solution. Thus.
0 % ;00 . & 100 electropolishing by the impingement
27 method can be accomplished gquickly

Figure 2, The Effect on Reflectivity of Varying the obp any part, regardless of size.
Amounts of Phosphoric and Sulfuric Acids in thz Bath, .

35
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Figume 3. Effect of Time, Current Density and Temperature on Reflectivity,
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1.3 THE EFFECT OF ELECTROPOLISHING ON MECHANICAL PROPERTIES

gPHASE IC). Engineering requirements (General Dynamics/Astronautics Specification
0-75089) states that electropolishing shall not adversely aifect physical strength and
ductijity properties of the parts involved. The effect of clectropolishing en the
mechanical properties of austenitic stainless steels and Type 321 and Type 304 stain--
less-steel alloys was studied at 78°F and -320°F. ‘

1.4 PROTECTIVE COATING SYSTEMS (PHASE W), The formulatioss under consider-
ation are relatively durable protective coatings inciuding FEP Teflon, Vinylidene
flaoride, silicones, and moditied alkyds. Air-dry formulations such as epoxy, acrylic,
polyurethanes, and modified nitro-ceilulcse, all presently used or missile components,
are also included in the evaluation,

‘During the test program, evaluztions were made of hardness, flexibility, adhesion,
resistance to cleaning solvents, and resistance to water immersion, The ability to
withstand cryogenic cycling from -320°F to room temperature without loss of adhesion
to stainless steel was & prime requisite of all the coatings tested,
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SECTION 2
MATERIALS

The materials under siudy were limited to Type 321 and Type 304 stairless steels and
certain high-nickel alloy materials presently being considered for use in the Saturn
prorellant ducting system,

2.1 BASE METALS, The stainless steels used in this investigation conformed to
AISI compositional limits and to MIL-S-6721B, The sfainless sieel specimens were
composed of :'Iype 321 and Type 304 ELC (Extra Low Carbon). The tempers studied
in each alloy were:

a, AISI Type 321 annealed, in form of 3/8-inch diameter rod, 4—1nch diameter
tubing, in sheet form,

b. AISI Type 304 ELC, arnealed, in form of 3/8-inch diameter rod, in sheet form.
¢. AISI Type 304 ELC, in 70-percent cold-worked sheet. ~

Since certain of the high-nickel alloys are being considered as base materials for
liquid propellant ducting and components,. in combiunation with the above alloys, investi-
gations were 2lso conducted on Inconel 718, Inconel X, Hastelloy C, and Rene 41 alloys
in the form of annealed sheet. -

All welds were butt welds made with the Tungsten Inert Gas {TIG) method. The high-
nickel alloys include Inconel 718, Inconel X, Hastelloy C, and René 41. The nominxl
chemical compositions a.nd thicknesses of all alloys are listed in Table I,

2.2 ELECTROLYTES. Five vendor and five baths formulated by General Dynamics/
~ Astronautics were used in this investigaiion. The five vendor baths were:

Number 1. Electro Glo "'300" by Electro-Glo Co., 621 Kolmar Ave,, Chicagb 24, linois.

Scluiion: Phosphoric-Sulfuric acid type (concentrations not revealed)
Cathode: Lead
Voltage: - 4to 9 vults

Cucrent Density: 50 to 216 amps/square foot
Temperature: 110 to 135°F '

Number 2, Flectro-Gleam 55 by MacDermid Corp., Waterbury 20, Connecticut.

Solution: Phos phoric-Sulfuric acid type (concentrations not revealed)
Cathode: Lead
Voltuge: 7 to 15 volis-

Current Density: 100 to 300 amps/square foot
Temperature: 160 to 200°F

S S o -
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Number 3. Battelle 41/15 Electropolishing Solution for Stzinless Steel by Battelle .
Menmiorial Iistitute, Columbus 1, Ohio,

Solution: Phosphoric-Sulfuric acsd type {concentrations not revealed)
Cathode: Lead

Voitage: 7 to 15 volts

Current Deusity: 300 to 450 amps/square foot

Temperature: 190 to 220°F

Number 4. An undesignated solution (employed for larger components) by Electro
) Process and Engineering Corp., 3375 Hancock Street, San Diego 16, Calif.

Solution: Phosphoric~Sulfuric acid type (concentrations not revealed)
Cathode: Copper E
»_Voltagv's-: T to 15 volts

Current Density: 160 to 300 amps/square foot
Temperature: 125 ‘o 140°F .

Number 5. Melectrics, Inc., 459 N. Eucalyptus Ave., Inglewood 3, California.

Solution: Phosphorie-Sulfuric acid type (concentrations not revealed)
Cathode: Copper . )
o Voltage: . 7to0 15 volts

Current Density: 100 to 300 amps/square foot
Temperature: 125 to 150°F

The five baths formulated by General Dynamics/Astronautics were:
Numter 6. Solution: 40 percent (by weight) 6rthophosphoric acid

52 percent glycerine (specific gravity 1.26)
8 percent water

Cathode:} - Stainless steel
o Voltage: 4 to 5 volts for new solution, but on aging, rises to
i ' 7 to 8 volts '

. Current Density: 72 amps/square foot
Tempevature: - 230°F (29 degrees)

Nurnber 7. Solution: 15 percent (by weight) sulfuric acid
. 70 percent orthophosphoric acid
- 15 percent water
L Cathode: Copper
) S Voltage: 8 w0 15 volis
Current Density: 72 to 216 amps/square foot
Temperature: 180 to 190°F - ) .

-
£
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&
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Number 8. Solution: 57 percent (by weight) orthophosphoric acid
20 percent sulfaric acid -
1-1/2 percent chromic acid
21-1/2 percent water
Cathode: Copper .
Voltage: 3-1/2 volts T A
Current Density: 228 smps/square foot '
Temperature: 125 to 150°F

Number 8. Solution: 55 preent (by weight) glycohc acid
' 30 percent sulfuric acid
15 percent water
Cathode: Copper .
Voltage: 3-1/2 volts -
Current Density: 228 amps/square foot o \
Temperature:  180°F

Number 10, Solution: .65 percent {(by weight) orthophosnhoric acid
15 percent sulfuric acid ’
6 percent chromic acid
’ - 14 percent watey
Cathode: Lead

Voltage: 4 to 10 volts
Current Density: 300 amps/square foot - )
Tempe ature: 120 to 150°F _ ' 5

2.3 PROTECTIVE COATING SYSTEMS. The protectlvve coating systems 1ncluded in
this study are: -

Manufacturer's

' -Type of Resin » Manufacturer o Designatien
Fluoroethylene propylcne DuPont Co. » © FEP-120
N Phenolic fluorocarbon copolymer Acheson Colloids Co, Emralon-310

Vinylidene fluoride Pennsalt Chemical Co. RC-2525 ’ -
Silicone (modified) Glidden Paint Co. “Nubelon-S ’
 Epoxy ) 7 . ' AﬁdreWBi‘own Co. - A423 - | :_
Acrylic _ o / Sherwih-wgméms Co. M4eWC8 |

Polyurethane o .\ndrew Brown Co. MIL-C-2722"

Nitrocellulose - W. P. Fuller Co. MIL~=7178 - ;

Alkyd (modified) ) Andrew Brown Co. ) MIL-E-7729
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"All materiala were commercial preparations with the exception of the vinylidene
flucride materjal, which was prepared by straiuing Pennsalt RC2525 resin through a
2-1/2 mm sieve, adding 70 grams of the strzined resin to 30 grams of titanium dioxide,

and then emulsifying to application consistency with approximately 809 ml of dimethyl-

acetamide.,
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SECTION 3
EXPERIMENTAL PROCEDURES

The experimehtal procedur >s used in this program were, in the main, developed
expressiy for this program by Geueral Dynamics/Astronautics.

3.1 THE ELECTROPOLISHING TEST CELL, An electropolishing test cell was
developed for use in this program. The concepts involved in this cell were formulated
by Bertein (11). however, 'these concepts and Bertein's miniature and inaccurate device
have been alterad and developed (during this program) w :il the test cell is now an
effective measuring device. This test cell eliminates the voluminous research formerly
required to determine the optimum operatmg condlitions for polishing solutions chosen
.for chemical considerations.

,On applymg a ﬁxed “current to this newly developed cell, the anode (wluch is eufclosed

by a glass shield) shows zones of varying surface finish, . Inspection indicates whether o

the solution is suitable for polishing. The optiraum ranges of current density can be
estimated roughly from the position and lengih of the satisfactorily polished zones, -

~ since the glass shield prevents the current from acting on the anode except by gomg

around the glass shield. See Figures 4 and 5.

The cell has a four-liter capacity; it uses. 2 two-inch diameter glass tube as a mask’
and a 3/8-inck diameter Stainless-steel rod as an anode. The glass mask is sub- '
merged one inch below the solution and the polish on the anodic rod (set up as an
extension of the polishing zone) is evaluated. The beaker (with a circular cathode of
copper, lead, or stainless steel depending on the particular electrolyte involvad) can
serve as a small electropolishing tank if the glass-mark assembly is removed., Sections
-of 4-inch diameter tubing (3 inches by 4 inches) were poiished in the various electro—
lytes with this arrangement and suosequertly tested.

Type 304 and 320 stainless steel samples 10 inches long and 3/8 inch in diameter were
used in the test cell to obtain carrent density versus amperage curves for the test
solutmns. Results are plotted in Figures 6 and 7. , ) -

3.2 ELECTROPOLISHING BY IMPINGEMENT A method of eler-tropohshmg ﬂat

" sheets and cylindrically shaped objects by pumpmg an electrolyte through the cathode
and impmg;lng it on the cbject tc be electropohshed which iz mede nodic was set up

' at the Electro Prccess & Engineering Corp. , under the technical d\rection of the

Materials Research Group, General” Dynamics/Astronautics, “The 1mpingement

. electropolishing equipment and procedures developed by General Dynamlcs/Astronautics

represent considerable improvement and simplifxcafion of a procfass developed pJ e

viously by Yuganson (8),
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Figure 4, Glass Mask ehd Anode Used in Elect »~
polishing Cell. This apparatus indicates the bright
range of the electrolyte.

The method consists ol pumping .
golution through a hnse to which
a nozzle containing a pextorated
disc is attached. The disc is
perforated to allow solution to
flow on tc the surface to be
electropelished. Current is
supplied to the disc by a bolt-type
connection which is cunnected to
the negative pole of a generator,
The positive lead is connected

to the object to be electropolisbed,

A clearance is maintained be-
twein the cathode and the surface
to be polished by a layer of -
porous fiberglass cloth, The
solution saturates the fiberglass
and fills the gap between the work
and the cathode, completing re-
sictance and, consequently, the
anode current density.

By this method, electropol.ishing
of the surface directly under the

cathode is possible. Rotating the
work or the cathode selectively

poliches the surface without restriction to the length or width of the part to be processed.

A set of operating conditions have been determined by tests that successfully electro-

_polish stainless 8tee!; kowever, the process is not restricted to any particular alloy.

The operatmg conditions (see Figure 8A and SB) include:

a. Control of the temperature of the electrolyte,

b. Sclution flow-rate, time of polishing or metal renioval rate.

c. Cathode head speed.

e, Current denaity. -

3.3 ELECTROPOLISHING THROUGH THE USE OF ULTRASONICS. A 4 KW NARDA

v trasonic unit (laboratory model, 5-gallon capucity, transducers in bottom of tank)
was used in high~frequency ultrasonic electropolishing experiments. Test specimens )

10




i TR VTG T D R S JUOT QUL P AT gt ST WA )

AE$35-0013
31 January 1963

N

Figure 5. Electropolxshmg Test Cell This cell was dévelopea esv;':cially for
this prograrh, The cathooes are made of either copper or lead,

were electropolished 5 . a phosphoric-su]furic electrolyte with the unif "on'' and the..
electropolished with the unit ""off". Ultrasonics did not improve polishing to any
significant degree at high frequencies; however, the scope of this contract did not
permit experimentation extensive enough to enable any conclusions about ultrasonic
electropolishing to be made.

Transducers attached to the sides of the tank convert high-frequency electrical energy
into high-frequency sound wavee. The sound waves travel through the liquid in a
dirsction perpendiculac to the face of the transducer. &s the sound waves travel
through the liquid they create an invisible stream of sub-microscopic bubbles which
constantly form and collapse, bombarding the surface of the part. The most eifective
sound-wave frequency is dependent, to a great extent, on the contour of the purt. At
higher frequencies the stream of bubbles become more directionel and travel in a
narrow path,.- In this form, they are particularly effective in reaching deep, narrow
recesses. More experimentation is required to determire the correct frecvency and
time to allow the bubbles to grow to ihe most effective size,

3.4  RINSING PROC EDURES. An evaluation of various rinsing methods was condﬁcted

inciuding effect of tap water; delonized water, and chromates in faving surfaco;s after
electropolishing., ‘
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Figure 8A. The Impingement Process. Here, a large flat
sheet, that would be polish.ed only with difficulty by the immera-
ion method, is polished :asily with the impingement method.

Figure 8B. Production Purts Electropolished by Impingement.
Some parts were polished and some unpolished for purposes of
comparison. Note the superior brightnesa of the electropol-
‘shed parts. The longest pact shown is 5 feet in longth,
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The rinsing methods evaluated were:

a. Rinse Method No. 1
1. Tap-water immersion followed by a forced tap-water rinse at room temperature.

2. Immersion in a soluiion containing 10 percent sulfuric acid plus 2 percent
sodium dichromate at 70 to 90°F, This removes a slight milky haze which -
sometimes forms on the surface of the work after the part has been rinsed. .

3. Warm tap-water rinse to facilitate drainage.
4. Heated demincralized-water rinse to eliminate water spotring.
b. Rinse Method No. 2
i. Tap-water immefsion foliowed by a forced tap-water rinse at room temperature,
2. Demiceralized-water rinse at room temperature '
e. Rinse Method No. 3:
1. ‘Tap~water immersioa followed by a forced tap-wa.er rinse at recom temperature.
* 2. Sodium bicarbonate and demineralized water rinse.
3. Demineralized-water rinse at room temperature.
d. Rinse Method No. 4
1, Tap—water immersion followed by a forced tap-water rinse at room femperature.
2. Heated demineralized-water rinse,
The test samples were dried with clean, filtered forced air and/or nitrogen gas. One

set was dried in a vacuum oven (20 inches of Mercury) at 230°F, the other set dried at
230°F (no vacuum). :

Baths were selected to represent the widest variation of chemical formulations used in
electropolishing during this program. The overlapped test specimens were then sub-
jected to salt spray tests and examined for corrosion staining, corrosion pitting, and
residual salts left in the faying surface. All test specimens were electropolished for
three minutes at 2 amps/square inch at the temperature recommended for each indi-
vidual bath,

3.5 METAYL REMOVAL BY ELECTROPOLISHING, Determination of the amount of
_metal removed by electropolishing was_accomplished with a number of methods. To
obtain information on the comparative rates of metal removal achieved in various
electropolishing baths, duplicate samples of 3 inch long rods, 3/8 inch in diameter, of
Type 304 and 321 stainless steel were immersed in baths 1 through 6 for 8 minutes at
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a current density of 2 amps/square inch and their losses in weight determined. The
data are presented in Table 1T,

In other tests, the electropolishing bath, the materiai, ithe leﬁgth of time, voliage, and

current of eiectropolishing were varied and the amount of metal removed was deter- —
mined by measuring the diameters of the rods before and after electropolishing. See

Table III. Measuremeats were made with a vernier micrometer which permitted

measurements to be made to an accuracy of 0, 0001 inch, The purpose of these iests

was to obtain an overall picture of the metal removal by electropolishing over a wide

range of operating conditions.

The final tests on determination of metal removal by electropolishing were conducted
on Types 321 stainless steel and a number of the high-nickel alloys. Triplicate 3-inch
square samples of the metals were electropolished in bath 10. This bath was found
best in overall electropolishing performance orn the high-nickel alloys; the electro-
polishing conditions were 4 minutes at 8 volts and 130°F bath temperature. The
samples were carefully weighed before and after electropolishing, and the thickness
of metal removed from one side of the specimens wa3s determmined from the equation:

t = —...__A_‘_Y—__
(2A+4 Lto) o)
where
t = thickness of metal removed from one side of the sample

AW = weight ioss
A = surface area.of one side of sample
1 = length of one side of square sample
to' = original thickness
p = density of alloy
The resuits of these t2sts are presented in Table IV.

3.6 SMOQTHNESS OF ELECTROPCLISHED SURFACES, Ten-inch leng, 3/8~inch

diameter rods of Types 304 ard 321 stainless steel were electropolished in vendor

baths 1 through 4 using the eleétrolytic test cell. The operating conditions corre~

sponded to those described in Section 2.2 for each electrolyte. The surface smooth-

ness before and after electropolishing was determined with the Mototrace Profilometer, =~ -
Model 5, manufactured by the Physicists Research Co., Ann Arbor, Michigan. The

results of the tests conducted on the stainless steel rods are shown in Table V.

e
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Samples of the high-pickel alioys, 3 inches x 3 iuches in size were electropolished in
bath 10 for 3 minutes. Surface smoothness measuremerts before and after electro-
po.ishing were made alony directions both parallelrand perpendicular to the original
rolling or grinding directicns of the alloys, and the results are presented in Table VI,

3.7 EFTECT OF ELECTROPOLISHING ON MECHANICAL, PROPERTILS (PHASE IC).
Types 321 and 304 stainless sicel alleys vere subjected to tension tests both in smooth
and notched (stress concentration factor, K, = 6. 3) configurations to provide values of
yield and teasile strength, elongation, and notched-unnotched tensile ratios of the base
metal. The waterials used in these tests included Type 321 stainless steel sheet,
0.932-inch thick, in the annealed condition, Type 304 ELC stainless steel sheet, 9.20-
inch thick, in the annealed condition, ard Type 304 ELC stainless steel sheet, 0.20-
inch thick, cold-roiled 70 percent. Three to five replicate ‘ensile tests using longi-
tudinal coupons were conducted at room temperature and at -320°F, using both smooth
and notched tengile test specimens having the dimensions shown in Figure 3. The

9.00 - notched coupon yields a stress corcen-
. S~ S T . tration factor of 6.3 by virtue of its
P S > 15 o 0025-ich root radius and 0.20-inch
‘—m_ width at the root of the notch.

- 9.00 - 0. 000 - _
T The notched tension tests were included
{B —— 5 3_50 in this study to evaluate toughness, a
2.00 R 60° measure of resistance to brittle failure (12),
%1% Toughness is a property of vital impor-
l/ tance in missile design because missile
0. 400 =To. 200 - propeliant systems are subjected to
A—-+0-01 shock-type loads as a result of hydranlic
g;lxgg \—o 0025 : . hamme~r caused by rapid disconnect,
+0.u0N5 and to vibration from rocke’-angine
Figure 9. Nctched and Flat Tensile Specimens. firing and quick-closing valves, In

addition, missiles cuntain built-in stress
concentrations of varying degrees of intensity due to welding defects, tool marks,
ascembly eccentricities, and random defects in the metal, These conditions all favor
brittle failure, and b-come even more severe at low temperature since brittle fracture
is more prone to occur at reduced temperatures as

3.7.1 - Mechanical Properties Determiunation, Tension tests were performed on a

50,000 pound Baldwin tensile testing machine at a strain rate of 0.001 inch per minute

to yield, followed by 0.15 inch pe1 minute to fracture. Cryogenic temperatures were
maintained by means of a low-temperature chamber which allowed the specimen to be
completely immersed in liquid nitrogen {-320°F) during testing. All data points reported .
are the average of at least three tests (see Tables IX, X, and XI).
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To complete the mechanical property evaluation, notched specimens of Type 321

aonealed and Type 304 stainless steels in the 70 percent cold-rolied condition were
electropclished and subjected to sustained-load notched rupture tests (14). See Table

VL. The tesis were conducted for a period of 2000 hours using an Arcweld Modei EE
creep rupture testing machine. The test specimens were subjected to constant loading

of 90 percent of the ultimate tensiie sirength of the individual alloy. The high-strength
alloy was included to obtain additional information about the eifect of electropolishing

on work-hardened areas. =

3.8 COMPONENTS, Typical components found in propellant systems were electro-

polished by the immersicn and the impingement method, and subjected to salt-

atmornhere tes-ing, These components ranged from flexible hoses as small as 1/2

inch in diameter to bellows as large as 12 inches in diameter. Flexible metal tubing,

rigid welded tubing, omega joints, and gimbal joints were also tested. The components :
were selected as typical of assemblies found in liquid propellant missile systems. . i '

Since some of the propellant component parts were so large, an outside vendor,
Electro Process and Ergineering Corp., S1n Diego, Calif., performed the electro-
polishing. The vendor designed racks and electropolished thera in his proprietary

" solution, which is a variation of the phosphoric-sulfuric type commonly used on stain-
less steels. Figure 10 shows a portion of the parts electropolished; Figure 11 is 2
picture of the production tank used in the processing of the components, Figure 12
shows a commercial electropolishing unit used for poliching small parts.

Figure 10, Typical Propellant Components after Electropoliching by _
the Immersion Method. The longest part shown, the helium-pressuriza- i -t T
tion line, is shout 5 feei in length, - , -
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Y Figure 11, Typical Commercial Immersion ‘
Electropolishing Facility. The parts are
immersed for from 3 to 5 minutes. .
o
v - Figure 12, Typical Commercial Electropolishing Unit for Small Parts, Itfeatures

built-in rectification, and is designed for laboratory or limited oroduction use,
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. ¢. Hastelloy C welded to Type 321 stainless steel.

_e. Inconel 718 welded to Ren€ 41.
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The group of components were precision-cleaned and tested for liquid-oxygen cleanli-
ness. The total weight and size of particles were measured after electropolishing as
well as the total weight of hydrocarbors present (Tsble XII). - The percentage of con-
taminants was within standard cleaning specifications. ’

3.9 ELECTROPOLISHING OF DISSIMILAR METALS, Panels of Type 304 annealed
stainless steel, Monel, K-Monel, and Inconel were electropolished both singly and
coupled together (see Table XI) using stainless steel fasteners of the 18Cr-8Ni type

of steel, The couples were made by overlapping a one-inch section of two 3 inch X

3 inch panels and bolting them: together wich two sets of size 8-32 stainless steel boits

and nuts, 1/2-inch long, placed two inches apart. This type of mechanically fastened
joint simulates actual production assemblies found in missile propeliant ducting systems.
A total of 15 single and 6 dissimilar metal coupled specimens were electropolished in a .
rumber of different electrolytés to determine the capability of the baths to polish different

~ metals when they are coupled 1,ogether in the same assembly.

In additior to the mechamcally Jomed d1ssum1ar metal coupons, a variety of dissimilar
metal coupons were butt-welded together, using the Tungsten Inert Gas (TIG) welding ) )
methed with no filler metal added. This type of wcld ioint is ofter. emplioyed in missile Lo
ducting systems to ioin dissimilar metals which are weldable to each other. The
combinations which were tested 1nc1ude

a, Inconel 718 welded to Type 321 stainless steel.
b. Rene 41 welded to Type 321 stainless steel.

d. Inconel 718 welded to Hastelloy C. -

The test specimens were made by butt welding together 3 inch x 3 inch samples of each
of the above metals. Various electropolishing procedures were experimented with in
an attempt to develop techniques which vouid successfully electropolish hcih metals of
the above dissimilar metal combination: as well as each on. of the metals taken singly.

3.10 CORROSION TESTING, Corrosion tests were conducted upon hoth flat test '
sairples and on actual propellant~system components using salt atmosphere or salt- 7

‘ spray cabinets for laboratory type accelerated corrosion testing and by placing samples o

on exposure test racks at the University of California Scripps Institute of Oceanography,
La Jolla California. At ihe Scripps seacoast exposure site, test racks are located on
a pier 25 feet above sea level and directly above the shoreline (see Figure 13).
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Figure 13. Test Racks Located on the Pier at the Scrippé Institute of Oceanog-
raphy. Theseracks nrovide actual seacoast exposure for testing electropol-’
ished samples.

s

The sclt-atmosphere tests were conducted in a test chamber-that was maintdined at a

constant temperature of 90 £2°F and a relative humidity of 95 percent. The atmos~ .
phere in the chamber contained 2.3 percent sodium chloride, '

the salt spray tests were conducted in accordance with the requirements of Federal
Test Method Standard Number 141, Methed 6061, and consisted of a 20 percent
sodium chloride solution atomized under pressure to maintain a constant fall-out rate
in a test chamber maintained at 95°¥.

s

- (7,

Significant seacoast exposure and corrosion test éabinet results are discussed below
and referencas to pertinent tables and results given, -
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SEC'TION 4
RESULTS AND DISCUSSION

- Excellent results were achieved with electropolishing both by immersion and by impinge-
ment. A bath versatile enough to be used with zall alloys was developed. ’ 3

4,1 DETAILED ANALYSIS AND EVALUATICN OF ELECTROPOLISIIING SOLUTIONS
(FHASE TA). The results prove conclusively that austenitic stainless steels can be
electropolished successfully and economically in acid-type solutions. The investigations
were conducted with Type 321 and Type 304 stainless-steel alloys, using ten different '
electropolishing solutions (five of which are commercially available), These elestro-
lytes were-basically of four types: 1) phosplLoric-sulfuric, 2 glycolic-sulfuric, 3) _
phosphoric~sulfuric-chromic, and 4) phosphoric-giycolic acid solution. The electro- E
lytes were prepared and used in the manner prescribed by previous investigators, )
since this investiga‘ion was primarily concerned with selecting and perfecting electro--
polishing techniques rather than exploring electrolyte behavior. All ten electropolishing
- solutions gave satisfaciory results when used with the two stainless steels listed above, -

Acid and water concentrations of the p}iqsphoric—fsulfuric type ba]:hs ‘which s8¢ isfactoriiy a i
-electropoclish stainless steels are presentec in Figure 14. The preferred acid concen- S
tration for the glycolic-sulfuric acid bath is given in -Figure 15. The maks-up of the ’
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Figure 1.1, Compositiori of Sulfuric-Phosphoric Acid Electrapolishing Batns for
Stainless Steel Surfaces, .

e o e —— SR
. . . Tt R ToTT B

[T '.'-"L:l--ﬂ B o e r s s o W ey s "A.‘“!’
-



. R -
’ 2

AE63-0013
% 31 January 1963

oS 010 -
DR

AV WSS ST R
L SNIZLIX Z TN
o AT I T A

, o N .
: ' , 10/ N { ' ' '-\90 B
: . 100 90 80 70 € 50 40 30 20 10 0 -

L - WATER

Figure 15, Electropolishing Electroiyte Compoéition Range, Plotted for Stainless
Steel af 1 Amp/Square Inch; Temperzture Range: 90°C-100°C; Tests Conducted for
-3 and 5 Minutes, - ) ’
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]

phosphoric~sulfuric-chromic and phosphoric-glycerine baths that have been success-
fully used on stainless steel were taken from the literature(®). The others were
* commercially available. A complete listing of all baths is contained in Section 2.2,

Current density versus voltage curves were plotted for Types 304 and 321 stainless
steels in the four different types of electropolishing solutions. All the electrolytes
L operated in a similar narrow current density and voltage range for the stainless steel
T alloys (see Figures 6 and 7). Satisfactory electropolishing was obtained with all
s 3olutions with current densities below 3 amps/square inch and at less than eight volts,
which is a practical range for operation in any production cleanging line. Optimum
length of time for electropolishigg by immersion in electrolytes is from 3 to 5 minutes.

- Acceptable electropolishing was obtained on all of the electrolytes tested. The phosphoric-~ g
sulfuric solutions exhibited superior brightness, throwing power (ability to polish re- :
cessed areas), and resistance to chemical etching, The current density and tempera-
ture ranges for phosphoric-sulfuric baths operating on the stainless steels were less
critical, C :

Electropolishing baths commonly used for stainless steels did not electropolish the
high-nickel alloys efficiently. Therefore a new bath wae needed. After many rials,
bright smooth surfaces were finally obtained by varying concentrations or phosphoric,
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sulfuric and chromic acids until an optimum b ith was developed, This bath consisted

" of 65 percent (by weight) of orthophosphoriz avid, 15 percent sulfuric, 6 percent
chromic acid and 14 percen. water, Fedot'ev ' “0) in the U.S,S.R. makes use cfa .
similar bath in electropolishing steel alloys

A set of operating conditicns for the above eiectropolishing solution was estsblished
for both the immersion method and the impingement method of electropclishing. Uning
the solution described above for immersion electropolishing, the operating conditicne are:

Temperature: Room temperature to 130°1° ,
Voltage: 6 to 10 volts -
Time: 3 to 5 minutes "

Cathode: I.ead

For the irapingement method, operating couditions are:

Temperature: Room temperature to 130°F,

Voltage: 6 tc 12 volts | (
Time: “ 2 to 5 minutes/square foot of area ;
Cathode: Stainless steel

Cathode Nozzle Speed: - 12 ft/minute .
- Solution Flow Bate: © 1.0 to 1.5 gal/minute

Data on the comparative amounts of metal reméved from Types 304 ELC and 321
stainless steel when electropolished in various solutions are shown in Table II; Each
bath was operated at a constant curren¢ density of 2 amps/square -inch for 8 minutes
and at its recommended optimum temperature. While the amount of metal removod )
waried from bath to bath, it is noted that, except for bath 6, both steels underwent
approximately the same weight loss in cach batk, These results indicate that Types
304 ELC and 321 stainless steels exhibit similar e]ectropohshmg characteristics
insofar as metal removal is concerneu.

from wide variations ir elcctropolishing conditions, where the electrolyte, materisl,
current density, voltage, and time are varied over rather wide ranges. iests 1 through
6 were performed by a vendor who customarily employs a high voltage (in the range of
8 to 10 voits) and consequently a high current, The metal removal was high (inthe .,
range of 0, 0025 inch to 0.0028 inch fromn the radius of a 3/8-inch diameter rod). Tests
- 7 through 26 were performad a: General Dynamics/Astronautics and yielded metal
removal in the range of 0.0004 inch to 0, 0017 inch; the higher amounts of metal removal
occurring at the bigher currents and longer times of electropolishing. The General
Dynamics/Astronautics tests skowed that, at lowevr currents and voltages and shorter
times of electropolishing, the metal removal was in the range of 0,0004 inchto
0.0007 inch. .- ‘ -

Table INN presents an overall picture of the amount of metal removal to be expected ' i
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The high-nickel alloys are found te undergo a greater amouny of metal removal during
electropolishing than the Type 321 stainless steel (see Table V),

For example, when Type 321 stainless stecl i combined with the Ren¢ 41 alloy, ard
electropolished in the phosphoric-suifuric-chromic bath, 0.0062 inch rore mets: is
removed fiom the Rent 41 alloy surfaces than from ike Type 321 stainless steel sur-
faces. When Type 321 stairless steel is combined with fnconel X, Incone! 718, and
Hastelloy C alloys, 0,001 inch more metal will be removed from the high-nickel
alloys than will be removed from the stainless steel surfaces. The Inconel X, Inconel
718, and Hastelloy C ailoys raay he coupled to each other and u fairly constant metal
removzl rate will occur ou euch of the alloys.

Although the mets) removal i8 not excessive for any of the alloys tested, the variatious
in metal removal rates of the dissimilar metals must he corsidered when electro-
»olishing compurents that include thin-walled sections in their desxgns

Profilometar measarements on polished and unpolished Type 321 and Type 304 stain-
less steel alloys are given in Table V, Tae alloys were electropolished with four
different vendor baths. The operating condgiiions of the Faths are given in Section 2,2,
The data reveals that a marked improvement in surface smootkness is cbtaincd by
electropolishing in phosphoric-sulfuric baths. In general the Type 304 .lloy exhibits
greater smoothing characteristics than the Type 321 stainless stecl. Average profﬂo- ’
meter meagsurements. using tne four iypes of bath, polished under identical operating
ranges, are presented graphically in Figure 13 for Type 321 stainless steel. The
graphs reveal that with increased current densh& a smoothing action ~an be expected
from all four bzths and thai this smoothing action is similar with all four baths.

Profilometer measureiaents weve taken before and after electropolishing on flat speci-
mens of the high~nicke® alloye. Table VI reveals that no iimprovement in surface

finish was obtained on {Le:e a'loys by electropolishing, however a very considerable-
improvement in brightness aac refiectivity was obtained even tnough the overall smocth-
ness was ot improved. On examination a metal surface will be found consistently.
irregular in proiile, For simnlicity, these irregularitivs (microasperities »nd miero-
recesses) muy be referred to as projections and impressions, Electrciotishing
eliminates the irregularities by selectively dissolving the projccitons (or leveling),

thus producing brightness. Jamur (13) refers tw leveling of the coasse projections as
macropolishing, and the dissclution of much smallec microscopic irregularities as
micropolishing. When macropolishing and micropolishing take plice simultanecusly,
smoothing and brightness «ccur respectively. The degree to which this occurs depends

" on the nature of the metal, the osiginal smoothness of the surface, and on the operating

conditions of the electrolytic treatment, In cert.in irstances, either can occur
independently of the other; therefore, brightness doe~ not always imply smoothness and,
alternately, smoothness can exist without brightness.-
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Figure 16. RMS Finish as a Fuuction of Current Density, 3 Stainless Steel

Specimens (Polished for 3 Miautes), - L
Adequate rinsing is an important phase of the electropolishing process. Corresion
staining, in many instances, can be attributed tc improper rinsing after electro-
polishing, - Parts that were corrosion-stained after polishing were reprocessed with
special emphasis on complete rinsing, and corrosion staining was then eliminated.
Tuble XV tabulates the results of the four methods of rinsing usuaily associated with
the electropolishing process. Rinse method 4 which consisted of simple water iramer-
sion, followed by 2 forced tap water rinse, and a third rinse in 180° demineralized

- water resulted in no evidence of entrapped electrolyte in faying surfaces. .

~ Vacuum drying of the test specimens did not show any beneficial effects of removing

S
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- 4.2 PROTECTIVE COATING TESTS, All candidate materials were first subjected

confaminating residuals in faying surfaces.

to cryogenic flexibility testing, The test consisted of immersing two panels of each
materia! in liquid nitrogen (-320°F), flexing them at that temperature, and allowing
the panels to return to room temperature. This cycle was repeated at least fiv.
times.
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Thé following tests compieted the evaluation of thc coating systems:

a. Hardness. The tes: pa.nols were subjected to "markirg"” by ~ series of AW Faber-
Castell drawing pencils of graduated hardnesses. The rardest grade of pencil that -
did ot mark the coating was designuted the material’s pencil hardness.

b. Flexibilitv (Room Temperature). The test specimens were subjected to 2 180-
degree bend over a conical mandrel varving in diameter from 3/4 inch to 1/4 inch.
The sondition of the tost material was examined visually; erazing, cracking, or -
less of adhesion classified the coatme matierial as briftle.

¢, Adhesion, A Rondeau-Gardener tns*er was used. It consisiad of a cutting edge
attached tc a spring bolted to a carriage. As the carriage is moved over the parel,
the cutting edge is forced through the coating. The carriage is slid upward along
an inclined plane, forcing the cuttiny edge throuzh the coating znd graduaally
decreasing the cutting action. The average of the "resistance length"”, i.e., the —
length of the specimen that is not ceraiched {o the bare metal, is reported. Ten
trials were made on each panel.

d. Resistance to Solvents. A measured amount of solvent was placed on the test
material and allowed to evapcrate. One minute after evaporation, the pencil hard-
ness of the material exposed to the solvent was determined. Trichlorcethylez
Oxylene, and Tec 901 solvents were used because these solvents are usually used
at missiie sites for cleaning.

e. Water Immersion, Test panels were placed in distilled watzr at a constant tem-
perature of 100 £5°F for a period of 600 hours.

f. Weatherometer, Test panels were placed in an Atlas weatherometer, Model XW,
for 200 hours. The cycle of the weatherometer is 102 minutes of ultra-violet
light and water spray. Initial and final gluss measurements were made with a
- - Photovolt Glossmeter, Model 660. The panels were cleaned after exposure and
2 gloss measurements were made again.

g. Seacoast Exposure. Panels were exposed on the pier at Scripps Institute of
Oceancgraphy, La Jolla, California, for a period of #7 days. The panels were i
subjected to a combination of salt air, fog, prevail  .cean winds, and intense
sunlight, Periodic examinations were made to notc uny degradation effects due to
any of the above environmental factors. Gloss measurements were taken before
and after exposure. The results of the above tests are presented in Table XIV,

4,3 COMTONENTS (PHASE IB). Various propellant assembly components were

" electropolished to determine the versatility of the process. These included flexibie
lines, bellows, curved <:ctions, straight sections, and complex fittingz, A’ visible
surfaces were polished Lo a bright, smooth finish,

Ird
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The components are positioned in the electropolishing bath in such a manner that the
maximum surface area is exposed to the cathode. Whenever possible, the cathode
area shouid be at least two times the area to be electropolished. The solution operates
most efficiently at tkis ratio.

The distance between the anode and cathode is variable and will range from two to

nine inches in most instances. An even greater distance may be necessary on large
components wite sharp irregular configurations and when a minimwn metal removal
rate is desired. The electropolishing action is greatest at the points of highest current
dengity. It should also be noted that nigher voltages are required as the ratio of

anode to cathode area is increased to overcome re: .iance of the solution.

Figure 10 illustrates the complex configurations that make up propellant systems
designed to carry liquid fuels. The flexible sections as well as the rigid piping of the
Atias propellant ducting system are made of stainless steel. It is these sections that
require the greatest care and ingenuity during e polishing process. In the cases of
bellows section, for example, it is virtually impossible to build a conforming cathode
for polishing deep recesses so that hydrogen and oxygen gases are not trapped.
Polishing will not occur in a gas pocket, )

Smooth, bright surfaces may be obtained on b:llows sections with open conveiutes in
all areas except the extreme bottom sections of the convolute. For obtaining electro-
polished surfaces on all areas of bellows section, it is recommended that the tube .
section be electropolished prior to forming into the bellows. This is the only reliable
method of obtaining bright, smooth surfaces in the recessed areas of the convolutes.

There are many advantages in electropolishing as an in-process step during the fabri-
cation or manufacturing of the propellant components, The material is cleaner and
the possibility of impregnating impurities in the base material during forming is
reduced. The smoothing action does not icave auy ridges of metal or extremely small
burrs on the surface ard a mechanically clean surizce is obtained that is free from
stressed, torn, or-distorted metal thus reducing the tendency to crack during forming
operations, This is a very important factor when forming multipie bellows; electro-
polishing is a method to reduce manufacturing defecis that do not appear uxtil the
agssambly is completad, resulting in major repairs. Bellows formed irom electro-
poligshed tubihg have maximum corrosion resistaace; i.e., corrosion resistance in
the recesaed areas is equal {o that of the external areas.

Figure 17 shews an example of a rather complex design found in propellant systems
that require a chemically and mechanically smooth surface. The interior surfaces
were electropolished by threading a series of copper wires throughout the tubing in
such a manner that they were completely insulated from the outside surfaces. This
may be done by spacing ceramic insulators at areas that will contact the side walls
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or by wrapping these areas
with fiberglass. Whenever
possibie, it is best to design
a rigid electropolishing rack
witk built-in conforming
cathodes similar to those
used in chromium plating.

The anode area should be
as large as possible, hut
should allow adequate
solution flow through tke
part and be designed so that
the possibilities of gas

Figure 17, i‘:lectropoushed Propeliant Ducting. This ducting transfers pockets is eliminated.
missile fuels at cryogenic temperatures. The complexity of this _

— . ducting and its size (approximately 10 feet) illustrate the capability

and versatility of the electropolishing process. The electropolished com-~
' ponents listed in Table X

‘were subjected to salt atmosphere environment tests to evaluate resistance to corrosion -

staining aud pitting. Corrosion staining appeared in isolated a~eas after 96 hours of
testing, The test was completed after 359 hours and the components were minutely
examined for corrosion pitting. Stereo-microscopic examination of bellows sections
revealed that surfaces electropolished in the "bright range" did not exhibit pitting.

The surfaces that were not bright, such a3 the interior area of convolutes, were cor-
rosion stained and occasjonally pitted, though not as much as unpolished specimens.
More protection can be achieved for these surfaces through the use of special techniques
such as racking and auxiliary cathodes.

Control sambles consisting of bellow sections that were not electropolished were coxr~
rosion stained and pitted to a much greater degree. There was no evidence of corrosion
being selective in the unpolished bellows, which again pointed out the improved resist- -
ance to corrosion of the electropolished surfaces.

Bellows that were electropolished exhibited a remarkable improvement in resistance.
to pitting in corrosive atmospheres. One reason for this is the high degree of surface
smoothness developed by electropolishing. Figure 18 shows the polishing aciion (left
picture) that occurs on the surface of a bellows convolute compared to an unpolished
surface of an equivalent bellows section (right picture). An electropolished surface
has less tendency for lquids and particles to adhere to it than an unpolished surface,
Thus the retention of foreign substances in winute cavities minimizes the likelihood
of contact corrosion.

v,




"Figure 19. Typical Corrosion Pitting of Unpolished Surfaces.
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ELECTRCPOLISHED ' UNFGLISHED

Figure 15. Comparison oi an Electropolished Surface with an
Unpolisihed Surface, These are photomic rographs . a ¢ross
section of a surface of an electropolished bellows section, niagni-
fied 250 times (unetched) . Note that the electropolished surface
shows a hlgh degree of surface smoothiiess. .

'-A_ — e . " OUIER SURFACE Figure 19 shows a typmal pitting
- \ wmg . OF BELLOWS attack (at 2 magnification of 250 times;
h : Bsing
fttes 0 wi Jr..  CONVOLUTE that occurs in unpclished stainless

gteel after 368 hours of exposure in
the 2.5 percent salt atmosphere test-
o ing chamber. This was obtained on
o ;?ggfggégw an unpolished bellows section and was
CONVOLUTE typical of the attack found on both
interior and exterior areas of the
This bellows section was exposed for 368 hours in 2.5 percent convolutes. The photomicrograph
salt atmosphere at 95°F, The section is magnified 250 times  ©Of the etched specimen rev?als that
and has received a 10 percent oxalic etch to reveal the nature the attack is of a pitting rather than'
of the corrosion. an merg@mar nature,

4,4 AUXILIARY CATHODES FOR IMMERSION ELECTROPOLISHING., Auxiliary
cathodes were used in electropolishing the propellant components. They consisted
mainly of sheet copper conformes to the configuration of the component, Srnall wires,
rigid wafers attached to a scline, and wires coated with porous fiberglass were all
used with little success to increase the bright range in rather close convolutes,
Flexible hoses larger than one-half inch in diameter have been successfully electro-
polished with the use of internal cathodes. Omn other configurations, 1/2 inch x 12 inch
is the minimum width and depth that can be electropohshed without the use of complex
racking.

4.5 CATHODE NOZZLES FOR IMPINGEMENT ELECTROPOLISHING. Special
cathode nozzles are required for impingement electropolishing. Figure 20 illusirates

- the typical configuration designed for polishing flat sheet stock, bellows sections,

curved piping, and ducting. The cathode nozzles were fabricated of stainless steel
and copper. They were made of 3/16~ to 1/4-inch-thick plate formed to the contour
of tte part to be polished and held within an-area of approximately 20 square inches,
The distance from the cathode to the anode should be from one to two millimeters,
All surfaces of the cathode wcre coated with teflon except the area directly opposite
the surface to be polished. This area is insuiated from the work by wrapping the
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Figure 20. Impingement Cathode Noz:zles, These perforatéd nozzles ) :
were designed to electropolish the interior and exterior surics H.of
very large ducting lines and flat surfaces, -

nozzle with fiberglass cloth an;;l/or by teflon ir =~ lators placed atl iz outer periphery < ,

of the nozzle. . This is very important since t* :perating voltages possible with this

method can burn a hole through thin wall tul: £ "shor ting" occurs, The solution
is pumped through the perforc.ted cathode and ; vcev un to the surface of ithe work .
area to be polished, :

For example, for polishing flat sheets or exterior surfaces the perforations will be on

the flat side of the cathode disc and when polishing interior surfaces the perforations

will be at the outer circumference directly opposite the area to be polisheé., The
cathode is moved at a speed slow enough to obtain polishing, but fast enough to prevent
burning, Speed of movement is determined by solution flow, solution temperature, -

" and curreni density.

4.6 ADVANTAGES OF IMPINGEMENT ELECTROPOLISHING,

a'

b.

Electropa'ishing may be selective in natuce. Polishing of weldments, for . “ample,
can now be accomplished without polishing the rest of the part

Because of the vigorous washing action of f;he electrolyte forced on the surface,
current densities as high as $000 amps/square foo* are possihle, resulting in a

_smooth, bright, corrosion-resistant finish,

vy
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¢. The need for an electropolishing installation requiring large immersion tanks filled
with expensive soiutior, bus bars, and expensive electrical power sources is
eliminated.

d. Size of parts to be elect~opolished is no longer limited. . Previously, size of parts
which could be electro clished was limited by size of tanks available in commercial
electropolishing facilities. Since parts dc not require immersion, the process-can

“be applied to almost any electropolishing problem.

4,7 PRECISION CLEANING OF ELECTROTOLISHED COMPONENTS FOR LIQUID

. OXYGEN SERVICE. - After electropolishing, the parts were precision cleaned tc meet
the requiremernts of duct assemblies for fuel and liquid-oxygen service, ‘The rzsults
of the "clean-rcom'' contamination count is presented in Table XI. All components
tested well within the maximum allcwable contaminatior values as reqmred by General
Dynamics/Astronautics mlssﬂﬂ—cleamng spec1f1catxon 0- 75002 ‘

a, The maximum permissible weight of solid particles and fibers, not including hydro— )

carbons, shall be 2000 micrograms per square foot. - . : 5
b. Fibers shall be less than 2009 microns in length and 350 microns in diameter. :

c. The maximum particle size allowable must be less than 500 nucrons and there
: must be no more than four solid nartmles per equare foot.

The electropotished parts did not have to be recycled," nor did they need aﬂditional
cleaning, uitrasonic rinsing, or ‘any other cleaning except rinsing with particle-free
trichloroethylene prior to testing,

4,8 ELECTROPOLISHING DISSIMILAR METALS, Type 321 and 304 stainless steel

- may be coupled with other metals such as Inconel 718, Inconel X, Hastelloy C, and_
Rere 41 without affecting the electropohshmg characieristics of the stainless steels.
However, the metal rem« . rates'may, as noted previously, be different for the ~
different metals. Experin. ntation proved-conclusively that bath 10 is an efficient and
versatile bath. It electropolished the widest selection of alloys (coupled and uncoupled)
and, perhaps of even greater significance, provides excellent impmgement as well

as immersion electropolishing,

Voltage versus temperature curves obtained with bath 10 on the high-nickel alloys
revealed that a minimum voltage (6 volts) was necessary for effective electropolishing.
The mmlmum temperature at which brightness was observed was approximately 115°F.
Rene 41 alloy, however, required a temperature of 150°F at this voltage. By increas-
ing the voltage, temperatures could be decreased to the lower range used with the other
alloy. The optimum temperature and voltage for electropolishing each of the high-
‘nickel alloys in combination with Type 321 stainless steel is in the rarge of 8 to 10
volts at 120 to 130°F (see Fxgures 21, 22, 23, 24, 25), Figure 26 shows dissimilar

metal alloy results. . ’
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Figure 26, Electropolishing Dissimilar Metal Alloys. Thie photo-
graph illustrates the degree of brightness and smoothness attain-
able with electropolishing. (The bottom five panels areunpolished.)
Stainless Steel (321), Inconel X, Inconel 718, Hastelloy C, and Rene
41 are pictured; these a.lloys can be polished singly or whea coupled.

4.9 "EFFECT OF ELECTROPOLISHING ON MECHANICAL PROPERTIES. (PHAbE IC).
Tensile and notched tensile (XK= 6.3) yield and viongation properties at 78°F and at
-320°F were obtained on samples as received and electropolished samples. They

are presented for Type 321 annealed (Table IX) and Type 304 both annesled and in the.
70 percent cold-wocked condition (Tables X and XI, respectively).

The electrorolishing process does not zha:-eri'auy change the mechanical b:opezﬁes of
the alloys tested. Data obtained on Type 321 indicated a slight decrease in tensile

properties at -320°F; however, there was a marked improvement in toughness at both .

ambient and cryogenic temperatures. Elongation increased from 2.8 to 4.0 pevcent
at room temperature after electropolishing of the T'ype 304 cold-worked material
and increased from 28.6 to 32.5 percent at ~320°F,

The notched/unnotcued tensile ratio, which is an ir;dex of a material's susceptibility to
brittle fracture, remained relatively constant sfter electropolishing. Therefore, we

may cnclude that electropolishing is not detrimental to the toughness of Type 321 and '

Type 304 stainiess steels.

The smstajned-load noiched rupture test is considered a sensiiive and reprodncible
method of determining the presence of hydrogen embrxttlement After 2000 hours of
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sustained load-testing there was no irdication of failure either by abrupt rupture of
the speociinens or by the appearance of fine-lins oracking originating at the notoh on

the spsoimsns,

Sinoe notohed speoimens of Type 821 (annealed) and Type 864 (70 percent cold-rolled)
were eleotropoiished and subjected to sonatsnt loading to 90 percent of the ultimate
tansile strangth of the individusl alioy without delstericus sffsct, we may also oonslude
that the slectropolishing baths do not cause hydrogen embrittioment in either of thess

alloys,
4,10

86800ASE 8XPOKTS test results oouiltontly Ihowtho sdvantage of tho electropolishing

procsss for inoreasing the corrosion resistance of propellant system materials,

After oix months seacosst exposure, the slectropolished samples of Typs 321 welded
tubing showed remariable resistancs to sorrosion when oompered to unpolished
-samples, Figure 37 shows typlosl resuits obtained at the Scripps exc>sure sits. The
center panels were unpolished and the surrounding pacels wers sisotropclished with
varistions of the phosphoric-sulfuric type electrolyte, Ther. were indications that
some formulations give slightly superior corrosion resistance; however improvement
in corrosion resistunce was obtained with aach of ihe electropolishing baths,

Figure 27. Sescoast Exposure of 321 Stainless Steel Test Fanels.
The panels were welded tubing., Note that the unpoiished-control

tubing (center) was severely ccrroded afte ¢ montha of exposure,

38

-~ .

" Balt-spray tests on Type

321 atainloss steels with
the vendor batas (see
Table XV) did not inuteri-
ally affeot the electzo- -
polished surface, Corro-
sion staining did oovur but
was the result of the fas-

tenars used in bolting the -

two paneis together foz
determining the effect of
chlorides in the faying

" surfaces,

- Butt-welded samples of
321 alloy did show a stain-

ing attack at the weld

areas, howsver there was

a marked improvement in
the polisiied sample corr.~
pared to the unpolished

sampls (see Table XVI).
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The electropolished high-nickel alloys did not show any attack during 800 hours of salt-
spray testing except for two corrosion piis on the Incorel X panei. The unpolish:d
Inconel X panel also revealed a staining condition, but no pitting after testmg for this
length of time (3ee Table XVII).

The welded electropolished samples w:re net affected by the salt spray tests, however,
Type 321 stainless steel welded to Inconel 718 resulted in corrosion stainicg at the weld
in the unpolished condition. Type 321 astainless steel welded to Rene 41 and Hastelloy C
were severely corvosion stained in the unpolished cordition (see Table XVII).

On tesl panels raade of ilai-sheet stock, seacoast exposure tests duplicated the results
obtained in the tubing samples. Where corrcsion sizining did occur, it could be easily
cleaned with 2 ¥ pumice and no indications of corrosion pitting was in evidence. This
was true on both Type 321 and Type 304 stainless steel alloys.

The high-nickel alloys Inconel X, Inconel 718, Hasteiloy C and Rene 41, in the -velded and
unwelded conditicns, did not show any indications of corrosior. attack after 30 days ex-
posure to seacoast environment, The alloys were electropolished witn baths 5 and 10,

[} .

Type 321 stainless steel panels, electropolished by the impingement method, were -
exposed to seacoast environment and proved that impingment of the solution on the
work is an effective means of applying a passive surface on stainless steel. Figures
28 and 29, two panels electropolished by the impingement method, i'lustrate the -«
corrosion rzsistance provided by this method. Exposure time was 30 days.

Figure 28, Two Sheets of 321 “taw. -@s Steel, Exposed to 30 Days
of Seacoast Enviropment. 'T.e sheets ware divided into 2 panels
with masking tape. The electropolished half of each sheei {see
right side of fign++, showed no corrnsion whatever, whereas the

. unpolished arcas were soverely corraded, .

ki g s i
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- L Tt e ’ .
Figure 29. A Ringle sheet of 321 Stainless Steel Electropolished by
- - the Impingement Method. Six different areas were delifeated with
masking tape. One area (bottom left) was used as a control. Each
of the other areas received a variety of voltages, exposure times,
and temperatures. Impingement electropolishing was shewn not to
- be 1imited to a narrow range of operating conditions as is immer-
glon electropolishing

‘Type 221 stainless sieel parzls, electropolished by the impingement method, were
expused to seacoast environment and proved that impingement of the solution on the
work i8 an effective means of applying a passive surface on stainless steel, Figures
28 and 29, two panels electropolished by thé¢ impingement method, illustrate the
corrosion resistance provided by this method. . Exposure time was 30 days.

4,11 PROTECTIVE COATING SYSTEMS (PHASE II). The coatiug systems that did
not pass the liquid nitrogen (-320°F) flexibility tests were the MIL-E-7729 enamel
system and an alternate material used for the protection of steel surfaces, the MIL-
L~7178 nitro-cellulose lacquer system. - -

The heat-curing-type resins, flourinated-ethylenepropylene, vinylidene flouride, and
o modified silicone, all displayed excellent properties throughout the testing program. o
However, the epoxy and modified silicone exhibited the best properties of adhesion -
’ and corrosion resistance. Acrylic air-dry formulations, although providing less
resistonce to seacoast exposures, can be used as protective coatings for missile
propellant systems.

The results of the liquid nitrogen flexibility test on ‘the organir- protec tive systems
were positive (see Table XIV).
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SECTION 5
CONCLUSIONS

Of the electrolytes investigated for use in electropolishing Type 321 and Type
304 stainless steels, the phosphoric-sulfuric acid solutions produced the best
combinations of corrosion resistance, smoothness, brightness and resistance
to chemical efching on welded and unwelded surfaces,

Satisfactory electropolishing on all of the immersion electrolytes investigated
was obtained with current densities less than three amps/square inch, with
polishing times in the range of three to five minutes. The temperature of the
baths were dependent on the formulation of the el ctrolyte.

For electropolishing high-nickel alloys such a3 Inconel X, Inconel 718, Hastelloy

C and Rer€ 41, a bath consisting of 85 percert phosphoric acid, - 15 percent
sulfuric acid, 6 percent chromic acid, amd 14 percent water was satisfactory.
The operating conditions of this bath are quite flexible and polishing occurs over
a wide range of temperatures and current densities.

Type 321 stainless steel, in combination with the bigh-nickel alloys, can be
electropolished successfully, however the operating conditions of the bath must
be carefully controlled. Metal removal variations of 0,0002 inch per surfacs

. may be expected when electropolishing these dissimilar metals.

Stainless steel ducting, bellows sections, flexible metal hoses, and tubing
assemblies that make ap complex propellant systems -may be electropolished
by the immersion method. The interior surfaces of small diameter tubing and
ducting vecessitates the use of internal cathodes consisting of wires or rods
insulated from the sides of the part by perforated acia-resistant plastic tubing
or fiberglass cloth. Maximum polishing of recessed areas of ducting and
bellows sections can best be accomplished by polishing prior to forming.

Cleaning tests afier electropolishing exhibited excelient low particle count
results when components were subjected to liguid-oxygen cleaning cycles. The
improved smoothness of the surface dees not allow liquids or large particles to
adhere to the surface, thus reducmg the possibility of ahowmg the hquid-
oxygen to be contaminated. "

The impingement method of electropolishing elimiuates size limitations pre-
viously imposed on parts to be electropoli~hed since it obsoletes large

immersion tanks, bus-bars and expensive power sources. The surfaces obtamed'
by the mmingement process are smooth, bright, and eqnally as corrosion re-
sistant as_those obtained by the imzmersion method.
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8.

10,

Electropolishing did not show any deietericus effects on the mechanical properties,
including toughness, of Type 321 and Type 304 stainless steels., There was no
indication of hytrogen embrittlement caused by electropolishing,

Seacoast expogure tests, as well as accelerated salt atmosphere or salt-spray
cabinet exposure tests on samples and actual propellant components showed that
electropolishing increases the corrosion resistance of stainless steels and high-
nickel alloys in both the unwelded and welded conditions,

Of the nine types of organic coatings e¢valuated for protection of propeilant ducting

" 2t cryogenic temperatures the air-drying epoxy and acrylic formulations were

found satisfactory for large assemblies that cannct be baked and a heat-curing

" modified silicone resin was found to be best for small assemblies that can be

baked.

14
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SECTION 6
RECOMMENDATIONS

Based on experiments and information obtamed to date the foﬂowing recommendations

1.

6.

_ caz he made:

The phosphoric-sulfuric acid electropoiishing baths are recommended for use on
Type 321 and Type 304 stainless steels to increase their resistance to corrosion
staining and pitting when exposed to salt atmosphere.

For electropclishing high-nickel alloys in combination with .‘5321' stainless- steels,
a bath consisting of 65 percent orthophosphoric acid, 15 perce. sulfuric acid,

6 percent choromic acid and 14 percent water is recommended.

For obtaining maximum corrosion resistance of bellows, it is x+ jommendeéd that

* electropolishing be accomplished while the material is in the straight tube con-
~dition; i.e., after weldiog but before formmg This is the only reliable method

of obtaining bright, smooth surfaces in the recessed area of the convolutes.

For maximum corrosion protection of exterior surfaces of stainlese-steel pro-
pellant ducting and/or components, organic coatings are recommendad. “A heat-
curing resin such as the modified silicone is recommended for comparatively
small assembliec For large ducting and installations that cannot be baked, the
air-dry epoxy and acrylic formulations may be used a8 protective coatings.

It is strongly recommended that the 1mpingement method of electropolishing be
explored and developed further, since it has already been proved a superior
electropolishing tool in the preliminary experiments performed under this
contract. -

Despite the fact that no positive results wetre achieved with ultrasonic electro-
polishing, there are enough indications and theoretical zuideposts to warrani
further investigation and development particularly with regard to the lower
frequencies, v.nich were not explored within the confines of this contract

~
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1 -~ Table [I. "Comparative Weight Loss by Electropelishing in Various
Baths for & Minutes at Current Density of 2 Amps/Square
Inch (Specimens: 3 Inch Long Rods, 3/8 Inch in Diameter)
BATH NO.  TVPE STAINLESS STEEL  WEIGHT LCSS  TEMPERATURE
ﬂ » ) {Girams) cr)
A 1 321 o 0.47544 125
2 . s 0.58769 - . 170
2 21 0.59452 - 180
4 321  1.33430 | 150
. 5 21 o558 . 230
6 ‘ 321 0.52073 185
1 34ELE . - 0.46419 . - 125
2 © B4ELC - . 0.68853 170
3 304 ELC . 0.53102 : 180
4 ) 304 ELC 1.82450 - . 150
5 304 ELC 0.60362 . 230
f } 6 304 ELC 0.9265 185
' 3
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Table II. Metal Femoved by Electropolishing

- METAL
ELECTROPOLISHING  DIAMETER  REMOVED
CONDITIONS OF ROD FROM
BATH TEST TIME BEFORE AFTER RADIUS
NO, NO. MATERIAL AMPS VOLTS (MIN) (IN.)  (IN.) (IN.)
4 v 321 - 0.3757  0.3707  0.0025
4 2 321  0.,3756  0.3704  0.0026
4 3 321 Not furnished 0.3756  0.3706.  0.0025
4 4 304 ELC by vendor 0.3755  0.3699  0.0028
4 5 304 ELC ' C 0.3751 - 0.3698  0.0027
4 6 304 ELC . 0.3750  0.3700  0.0025
2 7  304ELC 10.0 6.0 8 0.3747 0.3725  0.0011
2 8 - 304 ELC  10.0 6.0 8  0.3747 0.3728  0.0010
2 9  304ELC 100 6.0 8  0.5732  0.3723  ©.0005 )
2 10 321 10.0 6.9 8 - 0.3743  0.3709  0.0017
2 11 - st 10,0 . 6.0 8  0.3742 0.3728  0.0007
2 12 321 10.¢ 6.0 8  0.3743 0.3728  0.0008
7 13 321 8.0 3.5 5 0.3750  9.3737  0.0007
v 14 321 ' 8.0 3.5 3 0.3750 0.3740  0.0005
7 15 304 ELC 8.0 3.5 5 0.3750  0.3737  0,0007
7 © 16  304ELC 8.0 3.5 3 0.3748 0.3739  0.0005
7 17 321 15.0 4.0 5 0.3750 0.3723  0.0014
v 18 321 15.0 4.0 3  0.3750 0.3730  0.0010
7 18 304ELC 15.0 40 5  0.3750 0.3718  0.0016
7 20 304 ELC  15.0 4.0 3 0.3748 0.3731  0.0009
5 21 304 ELC 5.5 4.0 8§  0.3741 0.3730  0.0006
5 22 304 ELC. 5.5 4.0 8  0.3740 0.3712 _0.0014
5 28  304ELC 5.5 4.0 §  0.3738  0.3725  0.0007
5 24 i1 5.5 4.0 8 0.3750 0.373¢  0.0008
5 25 321 5.5 4.0 8§  0.3750 0.3742  0.0004
5 26 321 5.5 4.0 8  0.3750 0.3734  0,0008
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Tja,ble V. Ef':’ect of Electropolishing for 8 Minutes on Surface Smoothness
(Specimens: 10 Inch Rods, 3/8 Inch Diameter)

BEFORE AFTER

BATH ELECTROPOLISHING ELECTROPOLISHING
NO, © =~ ALLOY (Microinches) (Microinches)

1 321 20-30 o 18-25
1 304 20-30 ,, 5-13

2 321 20-30 14-19

2 304 ~ 20-30 14-20

é 321 T . 20-30 12-18

3 304 . 20-30 6-9

44 321 20-35 7-11

4 304 - 20-35 ' 5~-8

Table VI, Effect of Electropolishing on Surface Smoothness of
‘ High-Nickel Alloys*

SMOOTHNESS** SMOOTHNESS**
BEFORE ELECTROPOLISHING AFTER ELECTROPCLISHING
ALLOY LONGITUDINAL TRANSVERSE LONGITUDINAL TRANSVERSE

321 4-6 8-10 6-8 6-12
Inconel X 8-10 9-11 8-10 9-12
Inconel 718 9-11 10412 7-9 -3

Hastelloy C 15-17 15-2( 15-22 17-22
Rene 41 19-21 17-21 20-25 20-25

* Flat test specimens 3 inches by 3 inches electropolished in bath 10 for three
minutes at 8 volts. Temperature of the bath was 130°F,
** Microinches,
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=Table VII. Notched/Unnotched Tepsile Ratio

TEMPERATURE NOTCHEb/ UNNOTCHrD

TYPE STEEL . CF) _TENSILE RATIO
Annealed 321 S, 8. - 78 - 0,873
As received -320 0,785
Annealed 321 8. S, B £ 0.939
Electropolished . - B -320 : 0. 358
Annealed 304 S.S. S 78 ' 0.905
As received ' =320 0.875
Annealed 304 S,'S. - 8 . 0.903
Electropolished -320 ’ 0.764
70% Cold Rolled 304 S, S, 78 1.10
As received . -320 1.00

- 70% Coid Rolled 304 S, S, 78 1.11
Electropolished -320 : 0.993

Table VIII. Sustained-Load Notched Rupture Tests

THICKNESS LOAD

' CONDITION (Inches) - 90% YIELD RESULTS

f ‘Electropolished* 0.032 32, 800 No Failure -

4 _ Electropolished* 0.032 32, 800 No Failure

: Electropolished* 0.032 32, 800 No Failure

* Unpolished* ) 0.033 32, 800 No Failure
Unpolished* 0.033 ) 32, 800 No Failure
Electropolished** 0.019 155, 700 No Failure
Electropolished** 0.019 155,700 No Failure

Unpolished** 0.020 155,700 No Failure

§ Unpolished** 0,020 155,700 - No Failure

b

ﬁ * Type 321 8.8, annealed - yield strength 36, 500 PSI ~ duration of test 2}£4 hours

i ** Type 304 S,S. 70% cold-rolled - yield strength 173, 000 PSI - duration of test

i 2184 hours

-{ % 52 }
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Table XIII, Dissimilar Metals Electropolisking Test

BATH AREA AMP/ TIME
NC. MATERIAL (IN.%) VOLTS IN.2 (MIn.) RESULTS
SINGLE COUPONS 5
7 304 €8 16 3 2 3 Bright finish M
7 K-Monel . 16 3 2 3 Oxide film formad (dull finish) A
7  Incorel 16 3 2 3 Pitted anJ uneven T
7  Monel 16 1 3 Polished in areas of high C, D, .
7  Monel 16 2 3 Pitted severely _—
7  Monel 16 3 3 Polished but mildly pitted : —
7  Monel 16 5 5 Polished but still sove pitting o
2 30455 16 5 2 3 Bright polish ' :
2  K-Monel 16 20 2 3 Dull finisr i
2 Inconel 16 2 2 3 Dull finish
2 Monel 16 5 2 8 Dull finish i
8  304SS 16 4 2 3 Bright polish i
8 K-Monel 16 2 3 Pitted and unc,en ‘ i
8  Inconel 16 4 2 3 Polished with slight pitting 5
MECEANICALLY FASTENED COUPONS ‘ ;‘ B
2  304SSwith 28 8 2 3 Stainlc<s sieel, bright polish; i
K-Munel K-Monel, duil finish
2 304 SS with 25 8 2 3 Stainless steel, bright polish; ;
Monpel Monel, dull finish ) .
2 204 SS wit, 28 7 2 3 Stainless steel, bright polish; :
Incone’ Inconel, du!l finish - e
4 °.4SSwith 28 - - - Steinless steel, bright finish; o—
K-Monel K-~Mionel, dull ficish ;
4 30a8Swith 28 - - - Stainless steel, brigkt finish; ;
Monel Monel, dull finish
4 307 SS with 28 - - - Stainless steel, bright finigh;
Incenel Inconel, smooth anvi bright
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Table XV. Faying Surface Test Resulws After 200 Hours of Salt-spray Expogure

RINSING FORMULATED -
* METHCD BATHS . o RESULTS
B i ' Trapped elecirolyte present
1 2 Trapped electfolyte';;fesent
i 17 ‘ C 8. - Tré.ppéd electr'olylt;s present
' 1 4 - Trapbed gléctrolyie present )
. 2 1.- - _ Trapped,elécfrol_vté ‘p;'eserit
: 2 S . 2. - " Trapped elicicti‘olyié‘ »pi'esent -
2 > 3 o Trapved elei:_trol}te present
. 2 i . Trapi)'-*d electrolyte présent'
.3 1 _ Siight trace of electrolyte present
3 - 2: Trapped electrolyté: present
3 3 Trappéé' eie:tfolyte' preséx’:i’ }
; 5 ) 4 ’ e Trapved electfolyte prasent
4 1 ’ Né' trace of electrolyte present
4 2 No Erace of electrolyte present
4:- 3 bio- frace of- electroigz‘ge present
4 4 - No trace of electrolyte present

bl

. Note: Corrosion staining was evident in sampies due to the failure of the fasteners
T -in the salt-spray cabinet, : :

1
1
X
¥
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Table XVi, Evaluation of 321 Stainless Steel Buti-welced S:jccimeﬂs
After 288 Hours of Salt-spray Exposure

‘ SPECIMEN
BATH NO, NO. : - EVALUATION
1 23 Corroslon staining on surface, clean weld
1 24 *  Corrosion staininy; on surface, clean weld
1 .25 Corrosion stainiig on surface, clean weld
2 29 Slight corrosion staining in weld area
2 - 30 Slight corrosim staining ia weld area
2 31 Slighc corrrsion staining in weld area
3 16 Corrosion staining in weld area
. 3 7 Corresion staining in weld area
3 18 Corresion staining in weld avea
4 4 No attack ‘
4 3 No attack, corrosior staining on edge
' ) 4 6 No attack, corrcsion staining on edge
' Not Processed 32 Generaliy norrosion stained and pitted
; Nou Processec 33 Cenerally corrosion stained and pitted
4 Not Processed - 90 Gencrally corrogion stained and pitted

PREI-
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Table XVII. Salt-spray R:suiis on Unwelded Samples
After 800 Hours of Exposure

MATERIAL RESULTS
Type 321 S.S. "Polished) No Attack
Control Corrosion stainad
Inconel 718 (Pclished) No Aitack
Control No Attack
‘Im:onel X (Polished) Ccrrosion pitted on two areas
Control ’ Slightly corrosion stained
Hastelloy C (Polished) No Attack
Control : No Attack
Ren€ 41 (Polished) » No Attack
Control : No Attack

Table XVII, Salt-spray Results on Welded* Saraples
After 800 Heurs of Exposure

- MATERIAL RESULTS

Inconel 718 and Type 321 S. S, (Polished) No Attack -
Control ) Corroszion stained at weld area
Ren€ 41 and Type 321 S.S. (Polished) No Attack
Ccntrol Severe corrosion at weld area
Hastelley C and Type 321 S.S. (Polished) No Attack
Control ' Severe corrosion at weld area
Inconel 718 and Hastelloy C (Pclished) ~No Attack
Control ‘ No Attack
Inconel 715 and Rene 41 (Polished) No Attack

. Control No Attack

* All specimens were butt-welded by the TIG method in a welding machice with no
filler metal added.
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APPENDIX A
CLEANING

Cleaning is essential for best electropolishing results. Electropolishing is conducted
in much the same manner as plating, and surface conditions, regardless of base nietal,
determine o a large extent the degree of good surfaces obtained affer proccssing.
Equipment and materials for cleaning are the same as those generally used in the .
metal-finishing industry.

Vapor cegreasing, solvent clesning, and ailkaline cleaning are used to remove surface
soils such as greases, oils, fingerprints, and fire solid particles. Grease and oil
films not entirely removed in cleaning are removed in the electropolishing bath thereby
forming a film on the surface of the solution. If this film is not removed, it will

cause uneven polishing due to the film's adhesion to the parts being immersed in the
bath. This is especially true if the parts are immersed when dry.

Adequate rinsing after cleaning is necessary to prevent carry-over of alkaline solution
wetting agents and other contaminating agents in the polishing electrolyte.

Water ~oncentration of the electrolyte is rather sensitive and care must be taken that

-excessive "drag in'" of water is not eacouriered. A secondary hot-water rinse or a
clean dry-air blast may be necessary if parts are such that the designs include Jdeep
cavities or traps that can not be adequately drained before immersing in the electro-
pulishing bath.

At times it becomes necessary to remove heat scale, weld scale, oxide coatings, and
similar tenacious coatings prior to electropolishing. These are generally removed by
pickling, salt-bath descaling, or by dry blasting or vapor-honiwg.

- Pickling baths are formulated for specific alloys and care must be exercised when
selecting this iype of cleaning.

The cleaniug process sequence and solution make-up fo obtain bright parts that arc
free of visible oxide, scale, snd other contaminants on Inconel 718§ and Inconel X alloys- l
are listed in Tables A-1 and A-2. Vapor degreasing and alkaline cleaning are typical -
processes that are used for all alloys; however, the pickling and bright dip solutions
are specifically formulared for these alloys., They consist of a 15 percent solution
hydrochloric acid bath to which cupric chloride is added, followed by a, bright dip of
sulfuric acid and sodium dichromate,

* - wt o T . e .
Ll I R R ik e L ] ' ]
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Table A~1. Inconel 718 Cleaning

OPERATION TEMP (°F) TIME (MIN)

Vapor degrease 180-190 as required

Alkaline clean 170-190 as required

- Rinse, tap water - 17C-190 as required
Pickl= 170-120 5-10

Rinse, tap water room as required
Bright dip. Toom 5-10

Rinse, tap water room . as required

Dry . 150-200 ‘ as required

Table A-2. Preparation of Solutions for Inconel 718 and Inconel X

SOLUTION MATEXIALS CONCENTRATION

Alizaline Cleaner Tap Water as required
Oakite 61A 4-8 oz/gal.

Pickle Tap Water as required
Hydrochloric Acid 14.5-17.5 oz/gal.
Cupric Chloride 2,5-3,0 oz/gal.

Bright Dip Tap Water as required
Sulfuric Acid 21-24 oz/gal.
Sodium Dichromate 14,5-17.5 oz/gal.

Type 321 stainless steel requires slightly different cleaning solutions. This consists
of a nitric acid, hydrofluoric acid pickling followed by nitric acid passivating. The
nitric acid passivating is included on stainless steel, since in production there is
usually an extended time lag before further processing is completed. The processing
sequence and solution made up for 300-series stainless steels are listed in Takles
A-3 and A-4,

For very stubborn oxide scales, and staining (particularly in we'ded areas) it may be
necessary to remove the contaminants by abrasive blasting. Wet abrasive blasting

or vapor honing with a 100-mesh silica grit is recommended for use on stainless steel
and high-nickel alloys,

IR
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Table A-3, Processing Operation for Type 321 Stainless Steel,
- Hastelloy C, and Ren€ 41

OPERATION TEMP (CF) TIME (MIN)
Vapor Degrease 170-198 as required
Alkaline Clean 170-190 2-10
Hot Rinse 170-190 3-5
Stainlees Steel Pickle #1 60-130 10-20
Rinse Tap Water room 3~5
Psssivate room 15-60
Rinse room 5-10
Dry, Circulated Hot Air 150-200 as required

Table A-4. Solution Preparations

SOLUTION MATERIALS CONCENTRATION
Alkaline Cleaner Tap Water as required
Qakite 814 4-8 oz/gal.
Stainless Steel Pickle No, 1 Tap Water as required
(Chrome-Nickls Alloys) Nitric Acid 20-34 oz/gal.
Hydrofluoric Acid 2-4 oz/gal.
Passivate Tap Water as required
Nitric Acid 26-36 oz/gal,
Scaium Dichromate 1/2-3 oz/gal.

The process used in preparing samples for test specimens is as follows:

a. Degrease part as necessary.

b. Blast part.

c¢. Rinse loose abrasive from part with tap water,

The following results should be achieved without causing abrasions that interfere with
operational movements:

a. DBlasted parts shall have a clean, dull, uniform surface.

b. Parts shall be free of all loose abrasive.
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To determine the effect of cleaning prior to electropolishing on the corrosion resist-
ance of the polished surface, test panels were prepared with four different cleaning
methods, electropolished, and submitted to salt-spray testing. The test consisted of
electropolishing Inconel 718, Inconel X, Hastelloy C, Rene 41 and Type 321 stainless
steel alloys after each of the following cleaning procedures: solven! cleaning, alkaline
cleaning, chemical pickling, :nd vapor honing.

The test specimens were electropolished in the phosphoric-sulfuric-chromic bath at
eight volts for four minutes at 130°F.

The test specimens were exposed to accelerated corrosion tests in a salt-spray chamber
at 95°F with an atomized =olution cf 20-percent sndium chloride. The test was con-
ducted in accordance with Method 811.1 of Pederal Test Standard 151a.

After 800 hours of salt spray testi.g all the electropolished samples were unaffected.
This impressively demonstrates that each of the aby..> methods of cleaning prior to
electropolishing are acceptable, The choice of cleaning method is dependent on the
surface conditiou of the metal, If the base metal is free of scale and oxides, only de-
greasing is necessary. If chemical cleaning is necessary, clectropolishing will polish
the etched surface. Stubborn weld scale can be vapor-honed prior to polishing, It is
necessary to use the above methods of cleaning since removal of scale is uneven or
nonuniform in electropolishing baths and pitting results at metal sites exposed first,
while scale remains on other sites. Correctly formulated pickling baths will not
dissolve the base metal, but will attack the surface scale regardiess of its thickness
or chemical composition, @

Representative specimens of Type 321 stainless steel were examined by electron micro-
scopy after pickling, passivating, and electropolishing., These specimens were com-
pared with specimens that received the standard pickling and passivating treatment.

The electropolished specimens were examined by means of dry-stripped collodion
replicas, shadowed with palladium at an angle of approximately 45 degrees. The un-
polished specimen was too rough to permit this technique to be used. Instead, a
first-stage replica was made using nitrocellulose film moistened with amyl acetate.
This was strong enough to be stripped easily from the apecimen surface. This replica
was then shadowed with palladium at 45 degrees, after which a carbon film was deposited.
The nitrocellulose film was diysolved in amyl acstate. The pre-shadowed carbon film
was then examined in the electron microscope.

Both techniques provide negative replicas of the surface to be examined; that is pro-
trusions from the replica corvespond to depressions in the specimen surface, and vice
versa, The photo micrographs hzve been processed so that the shadows produced by
surface irregularities are black, just as are shadows or objects in sunlight, Thus in
Figure A-1, the electropolished surfac: shown is extremely even, with only the
faintest indications of changes in relicf hetween grains. Intergranular fissures have




Figure A-1, Electropolishing, Electron photomicro-
graph of normal 321 Stainless Steel (pickled and pass-
ivated; magnification, 6000 tim2s) that has been electro-
polished. Note that potential corrosion sites have been
virtually eliminated, The two spheres shown are for
purposes of measurement.

Figure A-2, No Electrogolilhlng Electron photomicro- corrosion,

graph of normal unpolisheq 321 Stainless Steel (pickled
and passivated; magnification, 6000 times), Note re-
cessed areas which entrap corrosive elements, and
result in corrosion.
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been completely removed, and only shallow
depressions of the order of 0,2 microns

(8 microinches) are seen around a few
particles in the matrix, Knowing the angle
of shadowing to be apprcximately 45°, the
height of an object above the replica sur-
face is approximately equal to the length
of the shadow it casts. If, however, the
grain-boundar: areas in the replica have
bent over after stripping, due to lack of
Zlexural strength in the thin plastic film,
any height go calculated wiil be less than
the true height, and the intergranular
cracks in the metal will be deeper than
calculated.

In contrast, an electron photo microg.  ph
of the unpolished pickled and passivater
specimen, Figure A-2, shows the gruin
boundaries raised above the surface of
the replica. Since they produce shadows
across the adjacent grains., Hence, it is
determined that the grain boundaries in
the pickled and passivated metal have been
eroded to a depth of more than one micron
(40 microinches) in some places. Small
surface irregularities are als) visible .u
the generally smooth grains, These may
be extra phases in the metallic matrix,

or may be surface contamination, No
attempt was made to identify these irregu-
larities. Surface relief of this magnitude
is sufficient to provide opportunity for
retention and concentration of corrosive
materials at the grain boundaries,

This sensitive area is theu susceptilile to
the initiation of corrosion pitting and may
explain one of the reasons why electro-
polished surfaces are resistant to

b
3
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APPENDIX B
EQUIPMENT SETUP FOR IMMERSION ELECTROPOLISHING

Equipinent setup and handling of work as to racking are similar to electroplating except
that the material to be electropolished is connecied to the positive lead from the direct-
currcnt source, Thus, the material is the anode in the electrolytic eircuit, The
cathode is connected to the negative terminal of the direct-current sowce and may be
any metal or carbon that is chemically resistant to the electrolyte. The individual
cathodes are placed so that current distribution is as uniform as possible,

The Battelle Electropolishing Process (16) for stainless stesl ‘requires the following S
equipment: : .

a. Alkaline cleaner tank (mild steel) for temperatrres of 180 to 200°F, equipped with
bottom drain (flanged), und clectric heaters for steam platecoils and thermostat.

b. Cold water rinse tank (mild steel) equipped with dam-~type overflow and bottom
drain,

c. Battelie acid tank (mild steel, No, 8 chemical lead-lined), to operate at 75 to
130°F with lead~coaied immersion heaters (General Electric) and thermostat, The
tank should be insulated with 1 inch of fiberglass, covered with black iron (10
gauge), and equipped with propeller mixer (electric), plastisol-coated, for agitation.

d. Cold water rinse tank (same as Item b except that it is lined with 3/32-inch PVC). | -

e. Dilute acid tank (mild steel, lined with 3/32-inch PVC) tu operate at roora
temperature.

f. Cold waier rinse tank (same as Item b),

g. Hot water rinse tank (mild steel, lined with CPD- 10 neoprene 3/32-inch PVC) to
operate 2t 180 to 200°F by electric immersion heaters (stainless stecl) or stainless
steel steam platecoils and thermostat. -

h, Udylite selenium rectifiers, rated at appropriate ampere capacities to accommodate '
300 amps/square foot at 18 volts, integral regulation with variable stepless control
from § to 18 volts (one each for Tanks 3 and 5).

The size of the parts determines suitable tank dimensijons and rectitier capacities as & -
well as heater and steam-coil units. i

{
Operating instructions are given with the bath; however, included here are comments ,
on operation from the Batielle process that are typical of the controls necessary to 4
obtain good electropolishing results.
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TYPE 3()2 (AND OTHER 300 QERIES, STAINLESS STEEL

. For these steels, ’,:he iemperatufe of the fresh bath is kept between 170 and 190°F, and

the specific gravity is 1.71 to 1.72 as measured at the operating temperature (if the
specific gravity is lowe., the bath is heated as previously described).

The current for the tauk load is adjusted to 250 to 350 ampe/square foot (1.7 to 2.4
amps/square ifich); the tank is kept in continued uze, the oniy control being the addition
of fresh bath to replace dragout.” The specific w:.vity ircreases slowly and is. allowed
o to réack 1.74 to 1.76. At this point :c tank is operating at 190 to 200°F and the

o '~ dis3olved iren from the worXk is about three: percent (by welghtl of the bath. The bath
s maintamed therearter at this o')eratmg level. .

SLUI‘GING ’

.10 to 40 percent of the meta.‘l dxssolved from the mawerial, dependmg on operating

" conditions.” The sludge settles to the bottom of the tank and requires cccasional
removal. In ‘a: 750-gallon tm, ‘operating at the heavy load of 10 amps/ gallon, three
... shifts per day; -using one program for Type 30 sta.mless steel 14 inches of sludge
s 1 © were formed in 10 moni.hs of ooeratmn. ’ : -

Jron dissolves m the giig valence state from the work during electropohsbmg Thlb
T ferric iron.is soluble in the electropohshmg bath and is reduced at the cathodes to
f ferrous iron. Ferrous salfate is insoluble in the electropohshmg bata and sludges »

A out. To promote the most effective rémoval of iron by sludging, the cathode-cunrent

' - density should be less than 80 amps/square foot. Feg-rous sulfate may form a erust
‘on the cathodes. This will cause the tank voltage to increase; consequently, the

; crust must be removed by taking the cathodes out and dissolving the crust in'hot water.

]

Tar o

g No reierence is made to the dissolved—chromium concentration; Chromium does not

' precipitate, and with the dragout’ and/or "decant and replacement process" of contr:l,
the chromium concentration is taken care of automatically and should rerauin at ah.out
0.8 to 1,5 percent, = .~ ' ) - ~

ECONoMICS - IR

TREARIEIMC rowogen . w

One advantage in electropodshing is the savmgs in time which can be tra.nsferred
directly into cost§. Normal electropolishing is a short operation, the average time
’ being frora four to eight minutes. Precleaning cycles are reduced since degreasing

t

PRI g

costs should be less, since pwklmg and passivating are not necessary.

v
~

Sludg'ing results fr‘om the p. cipltation of nir-kel apd iron salts and: accounts for about ’

»r mild alkaline cleaning is usually all that is recessary prior to polishing. Chemical ;

-

|
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Parts cannot be immersion electropolished as sach part raust be ppsitiotied individually
on a rack, Special racking with conforming cathodes in irregular-shaped designs is

, 4 requir:d to obtain polishing in recessed arczas. Rackmg -of the parts are similar to

; ~ the racking encountered in chromium plating.

Consistant results will be obtained, since close control of time, teinperature, ang
current density is required. ’
Table—B 1 lists some typmal ducting oellows, Aaxibie hos ses, and couplings used in
the test program shows the costs of the electropolishing process at a commercial
installation. These prices did include some special racking, but did not include any

packaging, : - ) L. ' -
Table B-1, Electropolishing Costs
.~ 'PARTNAME ~ DIMENSION (IN.) ' . PRICE ($)
. Bellows . 10-3/4aDx9-3/4L " 5.25
V ' : 6 IDx 4-1/2 L o 2.00
o - 41D'x 4-1/8 L ~ o 1.50
L © 11IDx10-1/4 L+ Flange .- 25,00
. A - 2-5/8Dx /2L . B
' _ 1-3/4 D x 3-1/2 L 1.00 )
Flexible Hose ~  4-1/2 Iy ¥ 38 L . . 25.00
2 IDx33 L ' _ 20.00
1-1/2 ID ¥ 14 L . 8.00 -
: - 1IDx 50 L : : 10. 00
) ‘ 3/41Dx 26 L ’ 15,00
’ ] 3/4 ID % 28 L S 10.00
. Tubing . 2-3/41Dx51.5L ' 15,00
: : o ’ | -(per Linear Foot 1.50)
Coupling Assorted parts ; . 10.00 . -

The Eleciro Process and Engimerixmg Corp., San Diegu, California, has been electro-
polishing production and test components for missile and space vehicles since 1959. )

. Stainless steel valves, manifolds, complex houeings, and miscellaneous small parts -
are being electrepolished for both Atlas and Titan missile systems. Parts are being
electropolished for various reasons which include: deburring of sharp edges, to
prever ¢ galling of threaded parts or close fits, to remove discoloration due to heat
treatment or welding, and to improve corrosion resistance. -

et
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Listed in Table B-2 are typical cymponents that are presently being electropolished
during this program.

Table B-2, Typical Electropolishing Production Parts

MISSILE SYSTEM PART VAME " PART NUMBER

Atlas ICBM Propellant Utilization 7~43450~803
Manometer Housings & T-43450-801
Related Hardware 27-43014-501

27-43015-501
55-43006-501

Manifold and Attached 27-24033-9
Ducting
LOZ Boil-off Valve 27-80758-1

Hub Assembly

Titan ICBM Valves.
, 4" Valve Bedy 10381
i 3" Valve Body 10002
3" Valve Body - 10385
2 Valve Dody 10003-1
1-1/2" Valve Body 110389
1/2" Valve Body 10403
: 1/2% Valve Body 10122
; Mandrels and Large S-760-3
[ ) Sub Assemblies S-7472
: S-7163
. S-700-2
10124
10383

'
i
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